Hypertensive patients were classified according to their plasma renin response when challenged by the potent diuretics, ethacrynic acid (50 mg IV), or furosemide (40 mg IV), into renin-unresponsive and renin-responsive groups. In the latter plasma renin activity rose by at least 0.5 ng of angiotensin/ml/hr after the diuretic. The response to volume expansion with 2 L of isotonic saline infused over 60 min was then studied. Peak rate of sodium excretion after saline loading was 994 + 186 yLEq/min in the renin-unresponsive group and peak urine flow was 11.9 + 2.1 ml/min. In the renin-responsive hypertensives peak sodium excretion was 448 + 149 ,uEq/min and peak uline flow was 5.4 1.5 ml/min. Both the sodium excretion and urine flow responses were significantly higher (P < 0.05) in the renin-unresponsive group. The degree of saline-induced diuresis and natriuresis was not related to the preexisting level of aldosterone production. Plasma renin changed little in either group during saline infusion but tended to be higher at all times in the renin-responsive subjects. The enhanced capacity of the renin-unresponsive hypertensive subjects to excrete a salt load suggests either a functionally significant degree of extracellular fluid volume expansion or a direct role for renin in the natriuresis accompanying volume expansion.
pressure has been noted in mild to moderate hypertension, but the relationship is variable in severe hypertension.8 ' 9 The occurrence of enhanced saline diuresis in patients with primary aldosteronism has been compared to that seen in normotensive subjects who are in the "escape" phase of prolonged mineralocorticoid administration. This has been interpreted to mean that a factor in the exaggerated saline diuresis in hypertensive subjects is protracted mineralocorticoid overproduction. 10 We have compared the response to volume expansion with isotonic saline in two groups of patients with uncomplicated hypertension and in normotensive subjects. The hypertensive patients were grouped by the renin response to acute reduction in extracellular fluid volume produced by intravenous furosemide or ethacrynic acid. It was found that those patients whose plasma renin activity failed to rise when stimulated by acute diuresis demonstrated a significantly greater urinary response to acute volume expansion with isotonic saline. The exaggerated natriuresis seen in the renin-unresponsive patients occurred regardless of the excretion rate of aldosterone. The greater natriuresis with volume expansion in renin-unresponsive hypertensive patients may imply a functionally significant increase of extracellular fluid volume in these subjects. Alternatively, the low renin state may permit greater renal excretion of sodium when sudden increases in extracellular volume occur.
Methods
Subjects were hospitalized in the Metabolism Unit of the Presbyterian Hospital; antihypertensive medication had been discontinued for a minimum of 2 weeks. On admission subjects were placed on a diet containing 95 mEq Na+ and 60 to 80 mEq K+ which was continued throughout the period of the studies outlined below. Acute infusion studies were begun after at least 5 days of the controlled diet and were done no less than 2 days apart. Peripheral venous plasma renins and urine aldosterone excretion rates were determined by previously described methods.12 13 Hypertensive patients were carefully evaluated for causes of secondary hypertension by the appropriate diagnostic studies including urinalysis and culture, plasma electrolytes, blood urea nitrogen, serum creatinine, 24-hour urine ketosteroids and ketogenic steroids, urinary normetanephrine, metanephrine, and vanillyl mandelic acid, rapid sequence intravenous pyelography, and renal arteriography.
Diuretic Studies
On awakening on the day of the tests, subjects remained supine and breakfast was withheld. At 8:00 a.m. patients were weighed; water diuresis was then initiated by giving 250 ml of distilled H20 by mouth at 8:00 and 8:30 o'clock. Urine was collected every half hour by spontaneous voiding. After four control 30-min collection periods venous blood was drawn for determination of control renin values; then 50 mg of ethacrynic acid or 40 mg of furosemide was given by slow intravenous injection over several minutes. Urine collection at half-hour intervals continued for six collection periods and repeat blood samples were drawn 30, 60, and 180 min after the administration of the diuretic. During the test, brachial arterial blood pressure was recorded every half hour by auscultation.
Saline Infusion
The saline infusion studies were carried out on a protocol similar to the acute diuretic tests.
Patients remained supine, and water diuresis was initiated as above. After four 30-min collection periods, the control blood samples were drawn, and 2 L of isotonic NaCl was infused intravenously over a 60-min period. Repeat blood samples for renin were drawn at the end of the infusion and 60 and 120 min thereafter. Half hourly urine collection continued for 120 min after the end of the infusion.
Results
Eighteen hypertensive and four normotensive subjects were studied. All were admitted to the Presbyterian Hospital Metabolism Unit and were maintained on a constant diet of known electrolyte content. In table 1 the biochemical and clinical characteristics of the hypertensive patients are given. Three patients (B.C., B.W., and E.R.) had mild elevations of midday peripheral renin or urine aldosterone excretion and thus are classified as having advanced hypertension. None of the group had papilledema, renal insufficiency, or heart failure. One patient (S.S.) had a high urinary excretion rate of aldosterone and a low plasma renin. She is under further investigation for possible primary aldosteronism. None of the hypertensive patients studied had any evidence of congestive heart failure, parenchymal renal disease, renovascular disease, Cushing's syndrome, or pheochromocytoma.
Response to Potent Diuretic Agents
After a control period of water diuresis, intravenous administration of either ethacrynic acid (50 mg) or furosemide (40 mg) resulted in acute diuresis of water, sodium, and potassium (table 2). The hypertensive patients were divided into two groups based upon whether or not there was a significant rise in plasma renin activity in association with the acute diuresis. All of the reninresponsive patients had a rise in plasma renin activity of at least 0.5 ng/ml/hr after the administration of the diuretic and in all but one of these (M.N.) the rise occurred within 30 min of injection of the drug. In the reninunresponsive patients there was little change in plasma renin activity any time after administration of the diuretic. The data from studies on three normal subjects are also shown. All three normal subjects had a marked rise in plasma renin activity within 30 min after administration of the diuretic. Despite the difference in renin response in the two groups of hypertensive patients, the diuretic and natriuretic responses were quite similar. The renin-unresponsive hypertensive subjects had slightly reduced urinary volume and sodium excretion during the 3 hours after the diuretic, compared to the renin-responsive subjects, but this was not statistically significant. In figures 1 and 2, the patterns of urine flow and sodium excretion before and after administration of the diuretic to the hypertensive subject are illustrated. Prior to the diuretic, the rate of sodium excretion was nearly identical in the two groups of hypertensive subjects indicating similar states of sodium balance. Following administration of the diuretic, the patterns of urine flow and sodium excretion were similar, though slightly Circulation, Volume XLII, August 1970
Response of Normal and Hypertensive Subjects to Saline Infusion
In table 3 the results of 19 saline infusion studies on hypertensive subjects and four studies on normal subjects are shown. The hypertensive patients were grouped according to their renin responsiveness as determined during the ethacrynic acid and furosemide studies. During the pre-infusion periods urinary volume and sodium and potassium excretion were similar in the two groups of hypertensive subjects and in normal subjects. Following saline infusion the renin-unresponsive hypertensive subjects exhibited significantly greater diuretic, natriuretic, and kaliuretic responses than the renin-responsive hypertensive patients or normal subjects. The pattern of urinary flow and of sodium excretion before and after infusion of isotonic saline in the two groups of hypertensive subjects is shown in figures 3 and 4. Within 30 min after the saline infusion was begun, the rate of urine formation by the reninunresponsive hypertensive patients was significantly increased over that in the renin- responsive subjects ( fig. 3 ). The increased urine flow observed in the renin-unresponsive patients persisted for the next two collection periods (to 90 min after the infusion was begun). Thereafter, flow of urine was not significantly different between the two groups. Urine sodium excretion rate rose with saline infusion in both groups of hypertensive patients ( fig. 4 ). However, the rate of sodium excretion in the renin-responsive hypertensive patients was significantly greater than that in the renin-responsive patients in all but the first and last collection periods after the infusion was begun. In table 3 the plasma renin activity in the hypertensive and normal subjects determined before and following saline infusion is shown. During the preinfusion period plasma renin activity was significantly higher in the renin-responsive hypertensive subjects than in the renin-unresponsive patients. With saline infusion, plasma renin activity tended to fall to a variable degree in all three groups. However, in the renin-unresponsive subjects plasma renin activity was quite low prior to infusion, and only Circulation, Volume XLII, August 1970 minimal reductions could be detected in association with saline loading.
Discussion
In hypertensive subjects a variety of patterns of plasma renin have been observed in relation to the state of sodium balance and aldosterone secretion.13' 14 Excess production of the potent mineralocorticoid, aldosterone, may be associated with the hyper-reninemia of malignant and advanced hypertension or may be due to an autonomously functioning adrenal cortical tissue. In the latter circumstance, plasma renin is low and is resistant to a number of stimuli.'6-18 Subnormal renin responses are not specific for primary aldosteronism, however, and occur in a significant number of hypertensive patients who do not manifest overproduction of the known mineralocorticoids.14, [16] [17] [18] [19] [20] The associated abnormalities and mechanisms in this provocative group of patients remain to be elucidated and characterized.
The hypertensive subjects described in this study were challenged with acute reduction in extracellular fluid volume induced by potent diuretics. Two distinct groups of patients were identified with regard to the response of the plasma renin activity. In one group, referred to as renin-responsive, the administration of ethacrynic acid or furosemide resulted in a prompt and significant rise in plasma renin activity similar to that seen in normals. In the renin-unresponsive group plasma renin tended to be lower at all times and was resistant to the diuretic stimulus. Among the renin-unresponsive patients, only one (S.S.) has disproportionate elevation of aldosterone excretion and thus may harbor an aldosterone-secreting adenoma. Elevated aldosterone excretion was observed in three of the renin-responsive group of hypertensive patients in association with elevated plasma renins. Renal function, by usual clinical estimates, is normal in all. The natriuretic effect of extracellular fluid volume expansion differed in renin-responsive and renin-unresponsive hypertensive patients. The latter group manifested higher peaks of sodium diuresis and urine flow. Total sodium ion excreted from onset of the saline infusion to the end of the study was likewise increased nearly twofold in the renin-unresponsive subjects.
Enhanced diuresis and natriuresis after volume expansion in hypertensive patients has been well demonstrated in the past in response to infusions of hypertonic saline,3 4' 7 mannitol,1 2 dextrose and water,5' 21 and isotonic saline. 10 11 In most of these studies the patients were not well characterized because diagnostic technics and criteria had not been developed to their current degree of sophistication. More recently, patients with primary hyperaldosteronism have been shown to have an exaggerated natriuresis to isotonic saline which was compared to that seen in normals in the "escape phase" of prolonged mineralocorticoid administration.'0' 22 It was suggested that the enhanced natriuresis of hypertensive patients might be an "escape" phenomenon as a manifestation of chronic hypersecretion of some salt-retaining steroid.'0 In the present study the degree of natriuresis occurring with volume expansion in the hypertensive subjects showed poor correlation (r 0.357) with the pre-existing level of aldosterone excretion and none of the patients had any evidence to suggest hypersecretion of the other known mineralocorticoids. Exaggerated natriuresis to volume expansion may occur in other settings when no steroid excess is apparent. Prehydration,23 orthostatic hypotension,24 and guanethidine administration25 have all been associated with enhanced sodium diuresis. It would thus appear that an exaggerated natriuretic response to volume expansion need not be related to mineralocorticoid excess per se.
Initial studies suggested that the degree of diuresis observed with hypertonic saline loading might correlate with the level of arterial pressure4' 6 8, 9 and that lowering blood pressure retarded the response. 4 26 While such a correlation can be made if one includes normal subjects, within the hypertensive population alone there is very poor correlation between natriuresis and arterial pressure. 8 Furthermore, increasing or decreasing the dietary intake of sodium can enhance or retard the natriuretic response in hypertensive patients with minimal effect on blood pressure." The diuretic responses of patients with orthostatic hypotension,24 of normals taking guanethidine,23 and of normals taking miner-alocorticoids10' 22 also imply that factors other than the level of arterial pressure contribute to the renal control of the sodium excretion accompanying volume expansion.
Various experimental studies have characterized the relationship between renal renin content and circulating renin. In acute interventions, such as hemorrhage, circulating renin rises with no appreciable change in renal renin content. In chronic studies, such as salt depletion or salt loading, circulating renin tends to parallel renal renin content.27 One prominent exception to this parallelism occurs in animals with a clip on one renal artery with the opposite kidney intact. These animals have an elevated concentration in the circulating blood renin, increased renin content in the clipped kidney, and markedly reduced renin in the opposite kidney.28 In this same preparation the two kidneys have a different natriuretic response to a salt load, for the intact, renin-depleted kidney excretes more sodium. 29 Such experiments suggest that intrarenal renin rather than that in the circulating Circulation, Volume XLII, August 1970 blood may play a significant role in the acute renal response to volume expansion.
The mechanism by which the renin-containing juxtaglomerular apparatus participates in the renal response to volume expansion is still not clarified. It has been suggested that the renin-depleted kidney fails to exhibit normal auto-regulatory responses.30 Recent studies, however, have shown that renal blood flow (PAH clearance) in the renin-depleted kidney changes very little with aortic constriction, thus indicating that auto-regulation of total renal blood flow is preserved.31 Changes in the state of fluid balance do produce alterations in the distribution of renal blood flow, however, so that during extracellular fluid volume expansion superficial cortical tissue perfusion is favored.32'33 Furthermore, under conditions of salt loading the superficial nephrons demonstrate an increased filtration rate per nephron whereas juxtamedullary nephrons have a reduced filtration rate; this redistribution occurs with minimal change in total glomerular filtration rate. 34 The distribution of renin within the kidney has been estimated at the level of the individual glomerulus with the finding that the superficial cortical glomeruli are associated with a rich renin content while deep cortical tissue is relatively poor in renin per glomerulus. 35 These anatomic considerations imply that the juxtaglomerular apparatus may function as a gate to control perfusion of the "salt-losing" superficial cortical nephrons. In the renin-depleted kidney inadequate control of this regulatory function might permit hyperperfusion of those cortical glomeruli via redistribution of flow without observed changes in total filtration rate or renal blood flow.
The factors leading to suppression of plasma renin activity in hypertensive patients without overproduction of aldosterone may not be identical to those which are operative in the syndrome of primary aldosteronism. Studies regarding the state of sodium and extracellular fluid balance in hypertensive patients with suppressed and normal plasma renin activity have not revealed uniform results. Helmer and Judson'9 reported that Circulation, Volume XLII, August 1970 hypertensive patients with low and suppressed renins have increased blood volume and tend to retain sodium more efficiently than normals when stressed by dietary salt restriction and thiazide diuretics. However, other investigators have described hypertensive patients with suppressed renin unable to conserve sodium when placed on low salt diets.'8 In a group of 36 hypertensive patients whose plasma renin activity rose with diuretic agents compared to a group of 11 whose plasma renin activity failed to rise with the diuretic stimulus, Jose and Kaplan'7 found similar plasma and extracellular fluid volumes which were regarded as normal. A more detailed study from the same laboratory36 has described increased extracellular fluid volume in five "reninnonresponders" compared to seven 'responders." On low salt diets the "renin-nonresponders" tended to lose more sodium in the urine and to have a greater reduction in extracellular fluid volume than did the "responders." Since no data on normal subjects are presented in this study, it is unclear whether the nonresponders have an expansion of extracellular fluid or the responders have a reduction. Evidence for the latter possibility is suggested by the study of Woods and associates37 in which exchangeable sodium in hypertensive subjects with suppressed plasma renin activity was found to be in the same range as in normal subjects, whereas in hypertensives with normal plasma renin activity exchangeable sodium tended to be lower. The greater natriuresis and diuresis with isotonic saline loading in renin-unresponsive hypertensive patients which we are reporting suggests a functionally significant degree of extracellular fluid volume expansion. Despite the lack of clear-cut evidence of salt retention in the suppressed renin patients without aldosteronism, excess mineralocorticoid production has been postulated because of the finding that such patients occasionally have a lowering of blood pressure coincident with a rise in plasma renin when treated with spironolactone'9 or have some degree of reduction in blood pressure when treated with an inhibitor of steroidogenesis, aminoglutethimide.3' In the latter study the urinary sodium response to hypertonic saline infusion did not differ between suppressed renin and normal reninhypertensive patients. However, the peak rate of sodium excretion in both groups was much lower than that seen in the present investigation, suggesting that there was insufficient stimulus to elicit the exaggerated response of the renin-unresponsive subjects.
Mechanisms other than sodium retention must be considered as possibly accounting for depressed renin responses. A recent investigation shows that a patient with autonomic insufficiency had impaired renin release. 38 In addition, some patients with hypertension and suppressed renin responses have been found to have impaired autonomic regulation of renal vascular tone.20 These observations suggest that the state of renal innervation may support the level of juxtaglomerular cell function and participate in the control of renin. It is possible that depressed intrarenal renin may then play a role in the natriuretic response of patients with orthostatic hypotension or who are taking guanethidine treatment.
In summary, we have found that a reninunresponsive group of hypertensive patients demonstrates enhanced urinary volume and sodium response to acute volume expansion compared to a group of renin-responsive subjects. Though the mechanisms suppressing renin release remain obscure, it is suggested that an associated reduction in content of renal renin may account for the greater capacity of renin-unresponsive subjects to excrete a salt load.
